Reduction of thermal conductivity by low energy multi-Einstein optic modes  by Liu, Huili et al.
Available online at www.sciencedirect.comScienceDirect
J Materiomics 2 (2016) 187e195
www.ceramsoc.com/en/ www.journals.elsevier.com/journal-of-materiomics/Reduction of thermal conductivity by low energy multi-Einstein optic
modes
Huili Liu a,b,1, Jiong Yang c,1, Xun Shi a,d,*, Sergey A. Danilkin e,**, Dehong Yu e, Chao Wang f,
Wenqing Zhang c, Lidong Chen a,c,d,***
a State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics, Chinese Academy of Sciences, 1295 Dingxi
Road, Shanghai 200050, China
b University of Chinese Academy of Sciences, Beijing 100049, China
c Materials Genome Institute, Shanghai University, Shanghai 200444, China
d CAS Key Laboratory of Materials for Energy Conversion, Shanghai Institute of Ceramics, Chinese Academy of Sciences (CAS), Shanghai 200050, China
e Bragg Institute, Australian Nuclear Science and Technology Organisation, Lucas Heights, New South Wales 2234, Australia
f Clean Energy Materials and Engineering Center, School of Microelectronics and Solid-State Electronics, University of Electric Science and Technology of China,
Chengdu 611731, China
Received 21 March 2016; revised 28 April 2016; accepted 2 May 2016
Available online 13 May 2016AbstractThe lattice dynamics and thermal transport in Cu2-dSe compounds were investigated via theoretical calculations, neutron measurement, and
characterization of thermal properties. The results show that binary ordered Cu2-dSe has an extremely low lattice thermal conductivity at low
temperatures. The low energy multi-Einstein optic modes are the dominant approach obtaining such an extremely low lattice thermal con-
ductivity. It is indicated that the damped vibrations of copper ions could contribute to the low energy multi-Einstein optic modes, especially for
those low energy branches at 2e4 meV.
© 2016 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Copper selenide; Thermoelectric; Thermal conductivity; Inelastic neutron scattering; Multi-Einstein optic phonons* Corresponding author. State Key Laboratory of High Performance
Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, 1295 Dingxi Road, Shanghai 200050,
China.
** Corresponding author. Bragg Institute, Australian Nuclear Science and
Technology Organisation, Locked Bag 2001, New Illawarra Road,
Lucas Heights, Kirrawee DC, NSW 2234, Australia.
*** Corresponding author. State Key Laboratory of High Performance
Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, 1295 Dingxi Road, Shanghai 200050,
China.
E-mail addresses: xshi@mail.sic.ac.cn (X. Shi), sdz@ansto.gov.au (S.A.
Danilkin), cld@mail.sic.ac.cn (L. Chen).
Peer review under responsibility of The Chinese Ceramic Society.
1 H. Liu and J. Yang contributed equally to this work.
http://dx.doi.org/10.1016/j.jmat.2016.05.006
2352-8478/© 2016 The Chinese Ceramic Society. Production and hosting by Elsevi
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Thermoelectric materials can achieve direct energy con-
version between electricity and heat, which can be applied for
harvesting waste heat and electrical refrigeration [1,2].
Recently, the compounds with ultralow thermal conductivity
are extended to superionic materials, which are applied in
electrochemical energy storage [3], sensors [4], and thermo-
electric technologies [5,6]. In particular, the natural low ther-
mal conductivity resulting in a quite high thermoelectric figure
of merit observed in copper (or silver)-based semiconductors
[5e10]. The reduction of thermal conductivity and the related
understanding of lattice vibrations or phonons in solid mate-
rials have been demonstrated in the past decades [11]. Heat
transfers from hot side to cold side via lattice vibrations (orer B.V. This is an open access article under the CC BY-NC-ND license (http://
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in solid materials. The mechanism of phonon scattering is well
established. The phonons can be scattered by boundaries of
crystal grains, point defects from mass or strain fluctuations in
crystalline framework, resonant modes in caged structures,
interfaces in low dimensional materials, or phonons' Umklapp
processes. The minimum thermal conductivity of solid mate-
rials is expected by combing all these phonons scattering [12].
Recent work on Cu2-dX (X ¼ S, Se, or Te) thermoelectric
materials [6,8,13e19] reveals the ultralow lattice thermal
conductivity (0.3e0.6 W/mK) with the reduced specific heat
down to the limit of a solid material at high temperatures. The
“liquid-like” diffusion of disordered copper ions is believed the
origin of the abnormal and interesting thermal transport phe-
nomenon. In addition, these materials also exhibit extremely
low thermal conductivity at low temperatures at which the
copper ions display highly ordered distributions. The ultralow
lattice thermal conductivity in the well-ordered simple binary
Cu2-dSe compounds below room temperature is quite abnormal
and special, but the mechanism is still unknown. The lattice
dynamics of several copper based thermoelectric materials
were performed by studying the heat capacity and using in-
elastic neutron scattering techniques [20e23], demonstrating
that those low energy localized vibrational modes mainly form
the motion of copper atoms.
In this paper, we reveal the ultralow lattice thermal con-
ductivity in the ordered Cu2-dSe phase that is mainly domi-
nated by low energy multi-Einstein optic modes caused from
localized vibrations of copper ions via the measurements of
thermal transports and theoretical calculations based on first-
principles method.
2. Experimental
Polycrystalline Cu2-dSe samples were prepared by the
procedure reported in a previous work [16]. The rectangular
samples with the dimension of 5  1.5  1.5 mm3 were cut by
a low speed diamond saw for the measurement of low-
temperature physical properties. The thermal conductivity, k,
was measured in physical property measurement system
(PPMS, Quantum Design) by using thermal transport option
(TTO) with an isothermal radiation shield. The accuracy of the
thermal conductivity measurement is ±5%. The samples for
the electrical resistivity measurements have a dimension of
8  1  1 mm3. The measurements were conducted by DC
resistivity option of PPMS with four-wire resistance methods.
The heat capacity, Cp, was measured on a 40-mg sample by
heat capacity option of PPMS with the accuracy of less than
5%. All the measurements were performed at 1.9e300 K.
The measurements of phonon dispersion curves were per-
formed on a single-crystal sample of Cu1.96Se in a-phase at
300 K, because large single crystals could be only grown with
some deficiencies of Cu crystals. The single crystal sample
was prepared by the BridgmaneStockbarger method with
high-purity powders of Cu and Se sealed in quartz ampoules
under vacuum. The mixed components were heated to 720 K
for approximately 100 h and by subsequent annealing at420e520 K for 48 h. The cylindrical crystal with the volume
of ~ 2 cm3 and axes close to the [100] direction has a mosaic
spread of ~30 min. The inelastic neutron scattering (INS)
experiment was carried out on the TAIPAN thermal triple-axis
spectrometer at ANSTO [24]. A double focused graphite (002)
monochromator and analyser at fixed final neutron energy of
14.87 meV was used. A graphite filter was placed downstream
tor the sample to suppress contribution from high order re-
flections. The sample was mounted in a nitrogen gas flow
furnace such that [HHL] reflections were in the scattering
plane. Phonon dispersion curves were measured on TA
branches in [100], [111] directions and LA and TA1 branches
in [110] direction at 300 K. The constant-energy and constant-
Q scan were performed based on the slope of phonon branches.
TA phonons in [110] were measured in scans with Q ¼ (2 þ q,
2  q, 0). LA [111] modes were not measured, because
acoustic phonons in the [111] direction are rather broad and do
not give clear signals at q/qm > 0.2.
The measurements of GDOS of polycrystalline samples of
Cu2-dSe were performed by the cold neutron time-of-flight
spectrometer (PELICAN, ANSTO) [25]. The sample of
18.5 g was loaded into a cylindrical aluminum can of di-
mensions 80 mm  fout22 mm with gap 1.0 mm. The incident
energy of spectrometer, E0, was 3.63 meV (wavelength
4.75 Å) and the usable energy transfer range,
E ¼ ±hu ¼ E e E0, was from 80 meV to 2 meV. The
scattered neutrons were collected by 164 detectors at the
distance of 2.4 m from the sample covering the 2Q angles
from 20.6 to 120.6. The energy resolution at zero energy
transfer was 0.21 meV at FWHM. The inelastic scattering
spectra were collected at 300 K for the sample in aluminum
can (6 h each) and for the empty aluminum can (4 h each). The
spectrum from standard vanadium was taken for energy cali-
bration and normalization of the efficiency of detector. The
experimental data were normalized with respect to the neutron
beam monitor. The background spectrum of an empty
aluminum can was subtracted from the sample spectrum, and
converted to dynamic structure function S(Q, u) using large
array manipulation program (LAMP) [26]. Phonon density of
states was calculated in one phonon approximation, corrected
for multiphonon scattering contributions using the Sjolander
formalism [27].
Lattice dynamical properties for low-temperature Cu2Se
were calculated by a frozen phonon method, implemented in
the phonopy package [28]. All the calculated cells do not have
Cu deficiencies. We constructed large enough supercells of
fully relaxed S1eS3 unit structures to ensure the convergences
of HellmanneFeynman forces (i.e., the supercell used for the
calculation for S3 structure is 2  1  2 of unit cell, con-
taining 144 atoms in total). First-principles calculations were
performed within Vienna ab initio simulation package (VASP)
[29] under localized density approximation (LDA) functional.
The energy cutoff is set to be 240 eV. The convergence criteria
are 104 eV/Å for structural relaxation of unit cell, and
107 eV for static calculation of displaced supercell to ensure
the accuracy of phonon calculations. The applied displacement
is 2.5 pm on each displaced atom throughout the work.
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Fig. 1 shows the thermal conductivity of Cu2-dSe at
2e300 K. The lattice thermal conductivity (kL) is calculated
by subtracting the carrier part (kC) from total thermal con-
ductivity (k) [30]. Here, kC is obtained according to the
WiedemanneFranz law (kC ¼ L0T/r) by using measured
electrical resistivity (r) and the Lorenz number L0
(1.95  108 W U/K2 for Cu2Se and 2.0  108 W U/K2 for
Cu1.96Se). The kL is extremely low with the values of less than
0.8 W/mK below room temperature. This number is close to
that of amorphous a-SiO2 [31] or Sr/Eu-based type-I clathrate
[32], but significantly lower than those in other thermoelectric
materials such as In4Se3 [33,34], Ba8Ga16Ge30 type-I clathrate
[32], and skutterudite [35]. Furthermore, the kL in Cu2Se and
Cu1.96Se slightly increases with increasing temperatures
without a strong “hump” shape that is normally observed in
crystalline materials. In comparison to glassy or glass-like
materials like amorphous a-SiO2 and Sr4Eu4Ga16Ge30 clath-
rates, the temperature dependence of kL in Cu2Se and Cu1.96Se
does not show a characteristic “plateau” phenomenon [32,36]
at 2e20 K. This indicates that the lattice vibrations or phonons
transport of Cu2-dSe are either different from normal crystal-
line compounds or glassy materials. For Sr4Eu4Ga16Ge30
clathrate, the “glassy” characteristic of kL is dominated by the
off-center resonant scattering modes with low frequencies and
strong electronephonon scattering [37]. In contrast, the tem-
perature dependence of kL in Ba8Ga16Ge30 or filled skutter-
udites shows a weak crystalline peak by the on-center fillers
[32,35]. The height of this peak could be further suppressed
by choosing multiple fillers with different local vibrational
frequencies [38e40]. The abnormal temperature dependence
of kL in Cu2-dSe indicates that it may possess the similar
“resonant” modes at low-energy phonon branches with optic-
like q-dependence and short lifetime of phonons [41].
The mechanism of phonon scattering in Cu2-dSe is modeled
by the Debye approximation with the equations [42,43]:Fig. 1. Temperature dependence of lattice thermal conductivity for Cu2-dSe, a-
SiO2 and some typical thermoelectric materials. The solid green lines are the
calculated curves by using Callaway model and the fitted parameters are
shown in Table 1. The dashed line is the calculated theoretical minimum
lattice thermal conductivity in Cu2Se from Ref. [12].kL ¼ kB
2p2y

kB
Z
3
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0
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t1C ðex 1Þ2
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where x is the dimensionless parameters expressed as
x ¼ Zu=kBT (u is the phonon frequency), y is the average
velocity of phonon, QD is the Debye temperature, and tC is
the phonon scattering relaxation time. Here, the phonon
average velocity is 2523 m/s and the Debye temperature is
292 K [6,44]. The phonon scattering relaxation time is
dominated by the scattering by grain boundaries, point defects,
phononephonon Umklapp process, and phonon resonant
modes
t1C ¼
y
L
þAu4þBu2TeQD=3T þ
X
i
Ciu
2
ðu2i u2Þ2
; ð2Þ
where L is the size of the grain, A, B and Ci are fitting pa-
rameters, u is the phonon frequency, ui represents the resonant
frequency. The best fit to the experimental data is obtained by
using three resonant modes, compared to one and two resonant
modes (see Fig. 1 and Table 1). We do not find significant
improvement when more than three resonant modes are per-
formed. The vibrational frequencies of these three resonant
modes are 3.527 THz (2.3 (±0.02) meV in energy), 8.471 THz
(5.5(±0.07) meV in energy), and 13.564 THz (8.9 (±0.03)
meV in energy), respectively. These resonant modes indicate
the presence of Einstein oscillators that can strongly scatter
phonons.
We also measured the heat capacity at 1.9e300 K to further
demonstrate these Einstein oscillators. Fig. 2 shows the
measured heat capacity data of Cu2Se (Cp/T ) as a function of
T2, and the data are fitted by considering the contributions of
electrons and lattice vibrations [45].
CP=T ¼ gþ bT2 þ
X
i
0
B@AiðQEiÞ2$T232$ e
QEi
T
e
QEi
T  1
2
1
CA;
ð3Þ
In Eq. (3), the first term g corresponds to the electron
contribution and the second term represents the contribution of
Debye mode with b ¼ B$ð12p4NkB=5Þ$ðQDÞ3. Parameter B
is defined as B ¼ 1P
i
Ai=3NR, where N is the atom number,Table 1
Parameters for modeling lattice thermal conductivity of Cu2Se by using the
Debye model.
Resonance
modes
L
/mm
A
/1041 s3
B
/1017 s K1
C
/1036 s3
u
/THz
*R2 **c2
1 mode 5.684 4.744 7.572 7.369 6.939 0.99457 0.00237
2 modes 4.557 2.619 9.227 33.785 12.453 0.99678 0.00125
1.279 5.327
3 modes 4.698 2.346 9.663 28.194 13.564 0.99722 0.00051
4.672 8.471
0.142 3.527
* and ** are goodness of fitting test parameter:
R2 ¼ 1P
i
ðYio  Yif Þ2=
P
i
ðYio  YÞ2; c2 ¼
P
i
ðYio  Yif Þ2=Yif .
Fig. 2. Cp/T as a function of T
2 in Cu2Se. The lines are the fitted curves by
using Eq. (3) with the individual contributions from electrons, Debye and
Einstein modes. The inset shows the measured Cp in the full range from 1.9 K
to 300 K.
Table 3
Parameters for modeling heat capacity of Cu1.96Se by including the Debye and
Einstein modes.
Parameter One mode Two modes Three modes
g/103 J mol1 K2 18.460 ± 2.520 8.017 ± 0.633 5.214 ± 0.200
b/104 J mol1 K4 4.060 ± 0.126 2.438 ± 0.072 1.518 ± 0.049
A1/J mol
1 K1 8.038 ± 0.308 3.141 ± 0.120 1.159 ± 0.056
QE1/K 47.60 ± 0.82 32.74 ± 0.41 25.01 ± 0.30
A2/J mol
1 K1 e 13.347 ± 0.338 6.667 ± 0.166
QE2/K e 76.71 ± 1.07 50.18 ± 0.64
A3/J mol
1 K1 e e 17.091 ± 0.342
QE3/K e e 103.06 ± 1.22
QD/K 234.04 ± 2.84 265.18 ± 3.36 294.81 ± 4.36
R2 0.99772 0.99992 0.99999
c2 0.22232 0.01583 0.00093
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modes, and Ai is the prefactor of the ith Einstein modes. The
temperature dependence of heat capacity of Cu2Se can be
fitted by using three Einstein modes (The fitted parameters are
shown in Table 2). These three Einstein modes distributes at
three different temperatures with the number of 22.06 K (1.9
(±0.03) meV in energy) for QE1, 47.72 K (4.1 (±0.07) meV in
energy) for QE2, and 103.73 K (8.9 (±0.15) meV in energy)
for QE3. The similar modeling for the heat capacity of
Cu1.96Se is also performed (The fitted parameters are shown in
Table 3) and the three Einstein modes are QE1 ¼ 25.01 K (2.2
(±0.03) meV in energy), QE2 ¼ 50.18 K (4.3 (±0.06) meV in
energy), and QE3 ¼ 103.06 K (8.9 (±0.11) meV in energy),
which are similar to those of Cu2Se. Meanwhile, the obtained
Debye temperature is 300.86 K for Cu2Se and 294.81 K for
Cu1.96Se, which is very close to the calculated value from the
measured elastic constant. These Einstein modes strongly
reduce phonon velocity and phonon mean free path, leading to
extremely low heat conduction.
The measurement phonon density of states of poly-
crystalline Cu2Se was performed by time-of-flight methods.
Fig. 3(a) shows the scattering function S(Q, E). The acousticTable 2
Parameters for modeling heat capacity of Cu2Se by including the Debye and
Einstein modes.
One mode Two modes Three modes
g/103 J mol1 K2 27.175 ± 3.354 11.185 ± 1.020 6.366 ± 0.432
b/104 J mol1 K4 4.237 ± 0.140 2.603 ± 0.086 1.428 ± 0.083
A1/J mol
1 K1 6.589 ± 0.289 2.729 ± 0.105 1.290 ± 0.061
QE1/K 42.18 ± 0.92 28.12 ± 0.42 22.06 ± 0.32
A2/J mol
1 K1 e 11.803 ± 0.380 6.055 ± 0.208
QE2/K e 72.61 ± 1.22 47.72 ± 0.83
A3/J mol
1 K1 e e 17.582 ± 0.633
QE3/K e e 103.73 ± 1.76
QD/K 232.40 ± 2.95 262.33 ± 3.66 300.86 ± 7.90
R2 0.99658 0.99985 0.99999
c2 0.25553 0.02166 0.00150phonons emerging from the Bragg peaks are clearly seen as
nearly vertical bands at phonon creation and annihilation sides
of the spectrum fading out in energy transfer of ±0.5 meVat Q
~0.9 Å1 and ±1.5 meV at Q ~1.9 Å1. Horizontal band at
energy of ~3 meV is located at the Q range between 0.4 and
2 Å1, corresponding to the optic-like phonon modes. At
higher Q values, this band overlaps with broad intense feature
when Q ¼ 2e3 Å1 related to low-q acoustic phonons.
The generalized phonon density of states (GDOS) of Cu2Se
in Fig. 3(b) was calculated based on the scattering function
S(Q, E). There are two pronounced peaks in the GDOS
spectrum of Cu2Se, which are centered at approximately 10
and 22 meV. At phonon energies of above 2 meV, the GDOS
obviously deviates from the characteristic Debye (G(E)fE2)
behavior (i.e., Debye solid model) due to the contribution of
the low-energy optic mode, which is observed in scattering
function S(Q, E) in Fig. 3(a). Phonon dispersion was measured
by using Cu1.96Se single crystal sample, as shown in Fig. 4(a).
This reveals the presence of optic or optic-like acoustic modes
with energies in the region of 2e4 meV at which the phonons
have great contributions to heat conduction (see Fig. 3). This is
in agreement with the analysis of lattice thermal conductivity
and heat capacity by using the Debye plus Einstein model of
lattice dynamics. In Fig. 4(a), the transverse acoustic (TA)
modes show much different q-dependences with drastic
change in the slope of TA branches as q/qm > 0.2e0.4 and
optic-like behavior that can be described by the Einstein
model in the Lorentzian term in GDOS. Based on longitudinal
acoustic (LA) modes linear dependence with low wave vec-
tors, we approximated this part of phonon density of states by
sum of the Debye E2 function describing acoustic modes and
the Lorentz distribution for optic modes (Eq. (4)) [46],
GðEÞ ¼ DE2þ 2A
p
G
4ðEE0Þ2þG2
; ð4Þ
where, E0 is at the energy of the optic mode and G is the full
width at half maximum (FWHM) of the peak. Experimental
GDOS of Cu2Se was fitted by using Eq. (4), giving the value
of 3.42 (±0.02) meV for the energy of the optic modes and
corrected resolution peak width of 1.81 (±0.07) meV (see
inset of Fig. 3(b)). The similar optic-like mode with energy of
hu ¼ 3.4 meV was observed both in a-Cu1.8Se and b-Cu2Se at
Fig. 3. Neutron scattering function S(Q, E) (a) and Experimental phonon density of states of Cu2Se (b) at 300 K. The inset in (b) shows approximation of the low
energy part of GDOS by sum of Debye function proportional to E2 and Lorentz distribution representing the optic-like modes.
Fig. 4. (a) Experimental phonon dispersion of Cu1.96Se at 300 K and calculated phonon dispersion curves in Cu2Se based on S3 structure at low frequency range;
the red dots are experiment data with the error bars from constant-energy and constant-wave vector measurements. (b) The room temperature S3 structure, the
arrows indicate the vibrational directions for Cu atoms. Cu (c) and Se (d) are the phonon characters contributed by Cu and Se, respectively; the line thickness
denotes the contributions from selected atoms.
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persionless excitation related to the localized vibrations of
weakly bonded Cu atoms [47].
The crystal structures and physical properties (especially for
thermoelectric properties) in Cu2Se and Cu1.96Se are quitedifferent from Cu1.8Se and Cu1.85Se due to the much less
copper deficiencies [6,48]. The crystal structure of low-
temperature phase Cu2Se is extremely complex, and the cor-
responding studies have been reported recently [16,49e52].
The experiment data indicate that Cu2Se has a few possible and
Table 5
Structural parameters of S2 structure (space group: C2/c, #15; a ¼ 7.130 Å,
b ¼ 12.361 Å, c ¼ 14.466 Å, and b ¼ 100.411).
Atom Wyck. x/a y/b z/c
Cu1 8f 0.78092 0.91802 0.58831
Cu2 8f 0.28329 0.75077 0.59324
Cu3 8f 0.30249 0.08388 0.64684
Cu4 8f 0.01569 0.90117 0.47030
Cu5 8f 0.57869 0.78660 0.46937
Cu6 8f 0.62173 0.06211 0.46906
Se7 8f 0.36111 0.91572 0.35798
Se8 8f 0.36844 0.24731 0.36101
Se9 8f 0.86835 0.08446 0.36025
Table 6
Structural parameters of S3 structure (space group: P1, #1; a ¼ 7.545 Å,
b ¼ 12.415 Å, c ¼ 7.110 Å, and a ¼ 90.029, b ¼ 108.394, g ¼ 90.341).
Atom Wyck. x/a y/b z/c
Cu1 1a 0.65872 0.16449 0.54796
Cu2 1a 0.68551 0.48925 0.56271
Cu3 1a 0.74949 0.82805 0.58204
Cu4 1a 0.44097 0.14872 0.17336
Cu5 1a 0.43053 0.53431 0.12898
Cu6 1a 0.42916 0.79832 0.11399
Cu7 1a 0.68780 0.01493 0.05711
Cu8 1a 0.81196 0.34026 0.10300
Cu9 1a 0.67972 0.67116 0.06024
Cu10 1a 0.44426 0.03092 0.65213
Cu11 1a 0.45155 0.32949 0.58806
Cu12 1a 0.43576 0.65726 0.71762
Cu13 1a 0.25080 0.17202 0.41755
Cu14 1a 0.31423 0.51083 0.43682
Cu15 1a 0.34115 0.83560 0.45160
Cu16 1a 0.57077 0.20171 0.88553
Cu17 1a 0.56946 0.46568 0.87096
Cu18 1a 0.55912 0.85119 0.82610
Cu19 1a 0.31222 0.98502 0.94233
Cu20 1a 0.32016 0.32877 0.93937
Cu21 1a 0.18823 0.65965 0.89654
Cu22 1a 0.55579 0.96902 0.34740
Cu23 1a 0.56427 0.34267 0.28190
Cu24 1a 0.54841 0.67065 0.41159
Se25 1a 0.23425 0.15781 0.75488
Se26 1a 0.22717 0.49280 0.74050
Se27 1a 0.21603 0.82655 0.73250
Se28 1a 0.22307 0.00220 0.24493
Se29 1a 0.22036 0.34161 0.24348
Se30 1a 0.21160 0.67318 0.24038
Se31 1a 0.78395 0.17341 0.26705
Se32 1a 0.77281 0.50712 0.25903
Se33 1a 0.76575 0.84215 0.24460
192 H. Liu et al. / J Materiomics 2 (2016) 187e195close crystal structures with massive nano-domains and
superlattices at room temperature due to the thermal activations
[50]. These structures are denoted with S1, S2, and S3 (see
Tables 4e6). The calculated XRD peaks of S3 structure agree
well with the experimental XRD data (see Fig. 5). Furthermore,
the S3 structure has no negative phonon frequencies among
these possible structures. Thus, the calculated phonon disper-
sion of S3 is more applicable for studying the lattice dynamics
at low temperature. Overlooking the deviation from calculated
data, we find that the experimental and theoretical data are
fairly consistent at the low frequency range, as shown in
Fig. 4(a). The most noticeable feature of phonon dispersion
observed is the presence of the low energy phonons in all high
symmetry directions. These low energy phonons start from
3 meV and disperse to high frequencies in all the directions.
They are much lower than those in filled skutterudites that
usually start from 5 meV [53,54], and are consistent with the
lowest Einstein mode aforementioned. Avoided-crossing fea-
tures between the optic and acoustic phonons are also revealed
by the calculations. Therefore, the acoustic modes change
slope as q/qm  0.5 to display the optic-like behavior there-
after. In this anharmonic “over-damped” region, the phonons
are essentially large amplitude dynamical fluctuations that are
expected to be coupled with copper ions. The short lifetime and
mean free path of over-damped acoustic phonons can be used
to explain the extremely low lattice thermal conductivity at low
temperatures because of the non-propagation of most trans-
verse vibrational waves [6,8].
It is desirable to investigate the origin for the low energy
optic modes. Fig. 4(b) shows the room temperature structure of
S3. The selenium atoms occupy the sites with minor distortion
comparing to those in the antifluorite structure, and the copper
atoms are confined within layers, as we reported before [16].
The low-frequency (i.e., 0e10 meV) optic phonons, including
the Einstein modes we obtained from the aforementioned fit-
tings, are mainly caused by the motions of confined Cu ions, as
shown in Fig. 4(c), and the motions of selenium atoms have
only minor contributions (see Fig. 4(d)). Due to the complexity
of the low-temperature phase of Cu2Se, it is difficult to
exclusively attribute the Einstein modes to certain optic pho-
nons in the dispersion curves. These low frequency optic
phonons, however, have some general features. Explicitly, they
contain the Cu movement towards the van der Waals interface
from the surface of Cu ions (as represented by the arrows inTable 4
Structural parameters of S1 structure (space group: P-1, #2; a ¼ 7.120 Å,
b ¼ 7.137 Å, c ¼ 7.507 Å, and a ¼ 98.646, b ¼ 107.689, g ¼ 60.112).
Atom Wyck. x/a y/b z/c
Cu1 2i 0.72262 0.66477 0.67792
Cu2 2i 0.06059 0.99675 0.68533
Cu3 2i 0.42783 0.33115 0.79105
Cu4 2i 0.35536 0.69827 0.44182
Cu5 2i 0.67997 0.92505 0.44216
Cu6 2i 0.90632 0.37872 0.43826
Se7 2i 0.91521 0.66897 0.22399
Se8 2i 0.24070 0.00507 0.22213
Se9 2i 0.57558 0.33086 0.21578
Se34 1a 0.77700 0.99786 0.75458
Se35 1a 0.78836 0.32688 0.75909
Se36 1a 0.77959 0.65846 0.75607Fig. 4(b)) and the re-arrangement of internal Cu ions around
their equilibrium positions. Fig. 6 shows the energy variations
with respect to the Cu displacement towards the out-of-plane
(the van der Waals layer) direction or in-plane direction.
Except the displaced Cu atom, the positions of all other atoms
are fixed during the calculations. The force constants can be
calculated by applying the harmonic approximation [38,55].
The so-obtained force constant along the out-of-plane direction
is 32 N/m, much lower than that along the in-plane direction,
Fig. 5. Experimental and theoretical XRD patterns of Cu2Se at 300 K.
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with much longer interatomic distances. The low restoring
forces of Cu towards the van der Waals layers thus make the
low energy of these optic phonons. Since half of the Cu ions
residing in the van der Waals layers in the high-temperature
antifluorite phase, the aforementioned Cu motions towards
the interlayer positions in the low-temperature phase make
these low energy optic phonons displaying the “near phase
changing” feature. This is similar to the case in PbTe, which
has the near ferroelectric transverse optic phonons [56,57].
These soft modes interact strongly with acoustic phonons and
then flatten the latter (see Fig. 4(a)). Equivalently, they can be
treated as Einstein modes in the Debye model to strongly
scatter acoustic phonons with the similar energies.
4. Conclusion
The ordered Cu2-dSe compounds showed an extraordinary
low lattice thermal conductivity below room temperature,
lower than most of the current typical thermoelectric materials.Fig. 6. The potential well with respect to the displacement of Cu ions, towards
both the out-of-plane (the van der Waals layer) and the in-plane directions. The
respective force constants are labeled.By modeling lattice thermal conductivity and heat capacity, we
proposed the low energy multi-Einstein optic modes to explain
the phonon propagation in this well-ordered simple binary
crystalline compound. The phonon density of states and
dispersion by inelastic neutron scattering further confirmed the
presence of these low energy optic and optic-like modes.
Theoretical calculations revealed that the slightly localized
motions of confined copper ions with weak restoring force is
the main source for the low energy optic modes. The inter-
esting and abnormal mechanisms for the ultralow thermal
conductivity in Cu2-dSe binary compound could indicate a
method to lower heat conduction in solid materials.
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